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0.0 Executive Summary

Background

When the wesather turns cold, freshly placed concrete sets up more dowly, takes longer to
finish, and gains strength less rapidly. To offset these problems, fresh concrete should never cool
below 40°F for sections thicker than 72 inches or below 55°F for sections thinner than 12
inches (ACI). If concrete can be mixed and protected so that its temperature can be maintained
at or above these levels, congtruction can stay on schedule and freezing will not be a problem.
At ar temperatures near 40°F, insulation together with the heet generated insde the concrete
usudly is sufficient to keep the concrete warm and the project on schedule. Asthe air
temperature drops below 40°F, more elaborate protection such as heated enclosures become
necessary. Should the weather get unexpectedly cold to freeze the concrete at an early age, the
damage done by the 9 percent volume expansion of water turning into ice can destroy the
concrete. Heated enclosures, insulation blankets, and other forms of therma protection are
expendve in terms of both labor and money, and are especidly difficult and expensive for
pavements. As aresult, little concrete paving is emplaced when air temperatures gpproach
40°F, and virtualy none is emplaced below that temperature.

The U.S. Army Engineer Research and Development Center, Cold Regions Research and
Engineering Laboratory has developed severa formulations of antifreeze concrete that alow
appreciable strength to be gained while the interna temperature of the concrete is below
freezing. To date, research has led to the development of two commercia prototype
formulations for use at concrete temperatures down to 23°F at a Corps project in northern
Michigan, the use of ordinary admixtures a 18°F for the TVA, and the evauation of over 50
expedient chemicas for use down to 14°F and lower by the Army in emergency Stuations. To
date, the use of antifreeze admixturesis limited to case-by-case sudies, as the knowledge to
formulate and to work with these new admixtures is not widespread. CRREL proposesto
extend this technology to common practice in a cooperative study, supported by State
departments of transportation.

Objective

The objective is to develop an antifreeze admixture conforming to existing industry standards.
The proposed work will adapt recently developed knowledge about off-the-shelf admixturesto
the specific conditions of highway construction. The admixture will protect concrete to 23°F or
lower and alow concrete to gain gppreciable strength while at that temperature. The proposed
work is needed to bring this technology to maturity and to secure practica field implementation.

Procedure

The procedure will be to evauate the various commercia admixtures currently used in concrete
for their effect on freezing point depresson and on strength gain at low temperatures. Each
admixture will be used within its recommended dose and combined with others to perfect a
low-temperature concrete. In addition, prior work suggests that at certain doses some
chemicals permit fresh concrete to cool well below the point where ice beginsto form in the mix
without frost damage. For example, when exposed to such severe cold, concrete that contains
these admixtures recovers full strength when thawed. Thisis not true for norma concrete, which
loses hdlf its strength when cooled to 30°F. This study will define the parameters that make this
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extra freeze resstance possible so that al low-temperature concrete can be routindy designed
to take advantage of this added benfit.

What Participants Will Obtain from this Sudy

Participants will be presented with the tools to design, mix, place, and cure concrete pavements
in below-freezing weather. Participants will be able to rdiably predict when the concrete will be
strong enough to resist frost damage and to be opened to traffic. Participants will not be
required to specify new or unfamiliar materids or have to wait until new industry sandards are
developed. Participants will be able to use a concrete mix design that is common to highway
congtruction.

The Advantages of Antifreeze Concrete

The d| rect paybacks of antifreeze concrete are as follows.
The concrete itsdlf, and not just the air around it, can cool below 32°F and still develop
strength at acceptable rates without frost damage.
Antifreeze concrete can be safely placed on frozen substrates.
The concrete can recover full strength, even when exposed to temperatures below those
for which it is designed.
The construction season can be extended by 60 to 120 days.
Spreading the construction season over colder days of the year has the following secondary
benefits:
- Diminished impact of congtruction on the public. Traffic volumes are a pesk during the
summer.

Reduction in work zone accidents because less work is required when traffic is a
maximum volume.
More continuous use of construction equipment and labor.
Reduction in seasona unemployment, providing a more continuous condruction team in
whom employers can invest training knowing that they may obtain areturn in increased
productivity.

Antifreeze concrete has the following attributes:
Adeguate condggtency and workahility to facilitate placement and finishing.
Adequate res stance to freezing and thawing.
Improved resistance to therma cracking compared to heated concrete.

Competitive cost compared to concrete emplaced in winter using conventiona methods.

How to Participate in This Sudy

A consortium of stakeholders will fund this study, where each stakeholder contributes
approximately $20 to $50K per year for 3 years. State DOTSs are encouraged to direct their
SP& R funds toward participation in the project. The participants in the project will form a
seering committee that will establish the gods of the project and oversee its direction and

progress.
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1.0 Introduction

Cold Limits the Construction Season for Concrete

Concrete Construction magazine estimates that each year in the United States an estimated
136 million cubic yards' of concrete is placed for highway and street construction projects at an
estimated cost of $19 billior?. Low temperatures substantialy diminish concrete workability,
curing speed, find strength, and long-term durability. The construction season, according to the
American Concrete Ingtitute (ACI), curtails for highway concrete when temperatures drop
below 55°F and ends once temperatures reach 40°F unless the contractor iswilling to pay a
subgtantial penalty for enclosures and heet. As a consequence:

The construction season is compressed into the warmer months.
The public encounters frequent inconvenience in warmer months.
Workers and equipment are idled during colder months.

With the successful development of arobust antifreeze concrete technology, as proposed in this
document, we conservatively estimate a potentia 14-million-cubic-yard market for winter
concrete in the U.S. to support highway and street construction projects alone.

Figure 1 illustrates how many more months of construction season would be available across the
continental U.S. if the acceptable temperature for concrete work were 23°F, instead of 40°F.

Extension of Concrete Construction Season
(-5°C Admixture)

|

'|

|
L]

W

[ Extended up to 120 days
Year-round

[ |Extended up to BD days

Figure 1. Extension of concrete construction season when allow-
able concrete temperatures are 23°F.

! Suprenant, B.A., Malisch, W.A. “Defining the concrete market.” Concrete Construction. October
1999. Pp. 16-25.
2 Assuming $142.48/cubic yard.
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Advantages of an Extended Concr ete Construction Season

With the relaxation of the concrete placing and curing temperature limits brought by the
antifreeze concrete technology, as proposed in this document, a Sgnificant extenson of the
congtruction season is economicaly feasible and convenient. The advantages include:

Higher annud production volume.

Lower impact on the public. Some summer congtruction can be rescheduled to the off-
Season.

Increased worker availability. Traditiondly, other congtruction trades layoff workers during
the colder months.

Lower congtruction costs. Hesting requirements are eliminated and there is better use of
capitd equipment.

Repairs required in the winter could be permanent and not just temporary.

Reduced shrinkage and thermal cracking from more even curing and reduced evaporation.

Increased durability against freeze—thaw and sdt scaling because more chemicals are
entrapped in pore water.

Fewer accidents in work zones with construction spread over low-traffic periods.
Direct energy savings because added hest is unnecessary.

According to aforecast by Better Roads, at the current rates of traffic growth, highway work
Zone accidents are expected to increase by 66%. Spreading the construction schedule over the
conventional off-season may help mitigate this problem. Currently, accidents occur &t rates of
3700 injuries and 700 fatdities annually®,

The Disadvantages of Summer Concrete Construction

Common bdief is that the summer is the best time to cast concrete because concrete sets up
fagter and gains strength sooner than when it is cold outside. Although the summer isthe
preferred season for emplacing concrete, there are consequences, which ssem mainly from
higher-than-ideal hydration rates and rapid evaporation. They include:
- Reduced ultimate strength—rapid hydration increases porosity.
Increased shrinkage cracking—evaporation is the underlying cause of shrinkage.
Reduced freeze-thaw durability—increased porosity and shrinkage cracks admit more
moisture.

Thermd cracking—caused by interna stresses during rapid cooling of the externd surface
of concrete.

The High Cost of Heat

When congtruction schedules dictate placing concrete in winter, contractors must use thermal
protection, including enclosures, insulation, or added hest, or al three (Figure 2). For pavement
layers of lessthan 12 inches thick, the American Concrete Indtitute (ACI) standards call for
fresh concrete to be maintained at 55°F (50°F if layer is 12 to 36 inches thick) for at least the
firg 72 hours. The U.S. condruction industry spends &t least a hdf hillion dollars annudly to
protect concrete, other than paving, from freezing.*

3 .
Ibid.
* Civil Engineering. “Antifreeze for your concrete.” December, 1991. p. 10.
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Figure 2. Heated enclosures and insulation
are often required for placing concrete in
sub-freezing temperatures.

Proven Alternatives to Heat

Experience in Europe® shows that chemical admixtures can depress the freezing point in fresh
concrete and accelerate curing. An gppropriate balance of such admixtures can permit
placement of concrete without therma protection in the form of heet or insulation at significantly
lower temperatures than allowed by ACI standards.

Experience in the United States confirms that both proprietary? and commercidly available
chemica admixtures can create concrete of excellent quality when emplaced, unprotected, in
subfreezing conditions. The following are two examples:

In the winter of 1994, severd 18-~ 20-ft © 6-in. concrete dabs were cast and cured
unprotected at ambient temperatures that dipped below 5°F in arepair of a horizontal surface a
Soo Locks (Figure 3). Each dab of concrete incorporated a different proprietary antifreeze
admixture. In yearly ingpections since 1994, each dab has proven to be of excdlent quality after
emplacement and as durable as any high-quality concrete.

® Gavrish, Y.E. et al. “Thermal behavior of concrete slab on frozen ground bed.” In Second
International Symposium on Winter Concreting, Vol. 1. Moscow: Stroyizdat, Pp. 23-33. (CRREL
Draft Translation 729).

® Korhonen, C.J and Brook, J.W. “Freezing temperature protection admixture for portland cement
Concrete.” CRREL Report 96-28. October 1996.
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Figure 3. Unprotected antifreeze-admixture concrete,
immediately after being finished and before being
covered with plastic, at Soo Locks, Sault Ste. Marie,
Michigan.

In 1997, the Tennessee Valey Authority required repair of a concrete floor in an ice condenser
room in anuclear power plant (Figure 4). To avoid shutting down the plant at a cost of nearly
$3M per day, the repair had to be effected at temperatures of 18°F. In thisinstance
conventional chemical admixtures were used to protect the concrete againgt freezing.

Figure 4. Low-temperature repairs were made
to concrete floors in this nuclear power plant
with the help of off-the-shelf admixtures.
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2.0 Project Objective

The U.S. Army Engineer Research and Development Center, Cold Regions Research and
Engineering Laboratory (CRREL) proposes to develop, demonstrate, and document a cost-
effective technology to permit the reliable and durable emplacement of unhested concretein
subfreezing temperatures.

The objective will be to provide clearly defined procedures that allow a transportation agency to
specify antifreeze-protected concrete with confidence and minimum cost penaty. The
procedures will include formulations that use admixtures obtainable from usud commercid
Sources.

Note: This proposal presents the minimum level of effort deemed necessary to satisfy the
above objective. To assist participantsin deciding if additional investigation(s) should be
conducted, lists of additional studies/considerations are provided in the text as optional
items where appropriate. The cost for conducting additional work will be added into the
overall cost of the proposal.

3.0 Project Deliverables

Deliverables of the project include the following:

Antifreeze-protected concrete formulations tailored for temperature regimes during
emplacement and curing to achieve specified ultimate strength, early strength, cost, and
durability requirements.

Antifreeze formulations tail ored to a specific concrete mixture agreed to by the participants
Practicd tests that identify when concreteis at a criterion strength vaue.

Practical tests that demonstrate and predict the long-term performance of the concrete.
Technica report to facilitate the implementation of the proposed new technology.

Optional:

- Practical teststhat confirmthat fresh concrete was formulated properly.
Training materialsfor designing, mixing, placing, finishing, and testing the concrete.
Draft guidance (e.g., specifications, manuals of practice, test methods) to facilitate the
implementation of the proposed new technol ogies.

4.0 Technical Approach

Overview

The technica approach would be to assemble the e ements necessary to creste a complete
package that enables a transportation agency to design, mix, transport, place, consolidate,
finish, cure, monitor, and evauate concrete that is placed and cured in low-temperature
environments.
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The Figure 5 depicts the sequence of execution of the proposed research and devel opment
project.

Planning
Criteria for study
(Literature Review — optional)

Laboratory |
Preliminary formulations

Field |

Simulated field application

Laboratory I
Mix optimization

Field Il

Proof of concept

Demonstration
Full-scale project

Technology Transfer

Technical report, Workshop (Standards,
manuals, interim reports - optional)

Figure 5. Project execution sequence.

Planning

The planning phase will include a definition of criteria for success, which will be developed by
the steering committee with help from CRREL. The committee will select a sandard concrete
mixture to sudy.

Optional - aliterature review conducted by CRREL.
Criteria for Success
The first phase would be to involve the steering committee to establish the criteria for success.

Participants and possibly other cold regions trangportation agencies would establish minimum
performance levels for antifreeze-protected concrete. The participants will sdlect a preferred
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concrete mixture, againgt which the antifreeze concrete formulations would be compared in the
laboratory and in the field.

Optional - Literature Review

The objective of this literature review is to avoid duplication of efforts by integrating any
national or international recent advance in concrete technology that is relevant to the
current project. The literature review will also define test procedures that have potential
for adoption with the proposed new technology, or that may be adapted for use with
antifreeze concrete. It will also define any need for new test methods. The literature will
be an update of what has occurred since CRREL's 1990 literature review (SR 90-32).

Laboratory Experiments 1—preliminary formulations:

Information from the planning phase, together with CRREL 's experience from prior studies, will
direct the development of a suitable mix design that will be vaidated with |aboratory specimens.
To keep costs down, this study will be limited one or two concrete mixtures as identified by the
Seering committee. The parameters that are relevant for future field application will be
characterized. Preference will be given to admixture components that are readily available from
commercia sources and that dready have been evauated by standard tests. Antifreeze
admixtures in concrete mixes will be chosen to promote timely and effective hydration, to be
compatible with sted reinforcing, and to achieve the specified strength within the accepted time-
temperature envelope. The admixtures should conform to ACI standards. The following are the
minimum tests necessary for this study:

Set times.
Workahility.

Freeze protection limits: Lowest temperature that alows strength gain and lowest
temperature & which hydration isinggnificant, but a which the concrete will accrue full
strength when thawed.

Strength development as a function of temperature and time.
Initid freeze point.
Freeze—thaw resistance.

Optional studies:
Relationship between freezing point and maturity.
Expansive freeze pressure versus temperature.
Concrete dilation during freezing.
Corrosion.
Alkali-silica reaction.
Pore-size distribution, air-void analysis, and total porosity.
Shrinkage.
Salt scaling resistance.

Field finishability.
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Field Experiment 1—simulated field application:

Smdll volume fidld smulated application will evauate the performance of the antifreeze concrete
formulations developed in the Laboratory 1 Phase. This application may be conducted at
CRREL, or at any location convenient to CRREL, where the work and westher conditions can
be easily monitored. State DOTs may be asked to participate. Thisfirst field application will
produce feedback to the steering committee for further refinement of the antifreeze concrete
formulationsin the laboratory.

A criticd part of this proposed study isto achieve reliable use of antifreeze-protected concrete
in congtruction of transportation facilities and other structures. Thiswill require assuring thet the
formulations and tests work under actua congtruction conditions in subfreezing temperatures.
For example, the study will address materia costs, worker productivity, egquipment
effectiveness, or interactions with the rest of the work while using antifreeze-protected concrete
compared with the temperate dternative. The following issues may be explored:

Batch mixing of formulaionsin full-scde plants.
Trangportability of mixes.
Emplacesbility of mixes.
Labor and equipment cost pendlties, if any.
Compatibility of winter concrete emplacement with the congtruction process.
Cleanup of equipment.
Information from this experiment may dso incdlude: dump loss, temperature rise of mix during

trangt and placing, strength gain rates, bleeding, segregetion, in-place temperature regime,
evaporation, curing, and possible discoloration.

Laboratory Experiments 2—mixtur e opti mi zation:

This second round of laboratory experiments will optimize the antifreeze concrete formulation
according to the feedback obtained from the first field application. It will, in turn, produce an
improved formulation for use in the second field application.

Field Application 2—proof of concept:

The optimized antifreeze concrete formulation will be applied to alarger volume gpplication
under field conditions smilar to atypica highway in cold weether. Aswith the first fidd
gpplicaion, a series of parameters will be measured or observed. This information will be useful
for the design of afind antifreeze concrete formulation and for congtruction guidance. State
DOT participation will be sought.

Field Test Demonstration:

It is anticipated thet the two previous cycles of laboratory and fieldwork will result in awell-
characterized antifreeze concrete formulation that is suitable for full-scae highway applicaion in
cold wesather. Highway (DOT) congtruction workers will build these test sections, following
proposed guidance developed in the project. During this field demongtration, the recommended
st of qudity control tests will be implemented. The congtruction process will be well

10
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documented. The concrete pavement will be monitored in al relevant respects, including
drength gain and therma regime. The experience from this demongtration will be the bass for
final project guidance and training materid.

Technology Transfer:

The technology transfer phase will include the preparation of atechnicd report on the R&D
work. Workshops will be conducted to help both design and congtruction workers assmilate
the new congtruction method.

Optional:

Draft design and construction specifications, proposed test methods, and a manual of practice.
Temperature and strength measurements taken during the laboratory and field work will provide data for
the development of a mathematical model that can be used to predict temperature, strength gain, and
possibly thermal cracking for future applications.

Documentation of Results
This study will produce:

Technical publication—The results of the study will be published in the technicd literature
to achieve the following results. (1) Vdidate the scientific basis for the work performed through
peer reviews. (2) Lay the technica groundwork in the scientific literature for the technology to
be extended further.

Test methods—Revisons to established test methods will be proposed, or entirely new test
methods will be proposed, as appropriate to ensure that mixes can be formulated, tested at the
work gte, and certified in other ways.

Optional:

Guide specification—A set of guide specifications will be devel oped, as required by the sponsors, that
may be prescriptive to specify exactly how to formulate the mixes or to specify performance-based
qualifying criteriato allow the vendor flexihility in achieving product acceptance.

Manuals of practice—A combination of printed manuals, CD-ROM manuals, and software will be
developed to enable designers and specifiers to achieve effective results.

11
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5.0 Project Structure and Organization

The project’s organizationd structure is outlined in Figure 6, with the essential personne
involved in each task identified below the project structure schematic diagram.

A project Steering Committee will be formed with representation from funding participants and
given respongibility for providing critical review and guidance on dl project activities. Thefind
make-up of this committee will be decided following discussion with the project participants.
Members of the Steering Committee are expected to bring to the project the perspectives and
concerns of the various parties involved and to help define the issues to be addressed by this
project. The committee will meet as needed to discuss the progress made to date, to provide
critical review of research results, and to comment on the suitability, practicaity, and
effectiveness of the developed solutions. Decisions are expected to be made on a consensus
bagis, but in the unlikely event that consensus cannot be reached, choices will be resolved by a
voting process (i.e., number of votes proportiona to the level of funding support provided). The
consortium project governance is detailed in Appendix D.

All financid and adminigrative activities of the project will be handled by CRREL with Mr.
Charles Korhonen as Project Manager and Principd Investigator.

Additiond information on the technica qualifications of CRREL, aong with a description of
CRREL ' sfacilitiesthat will be used to carry out this project, can be found in Appendices B and
C.

Steering Committee (Project Participants)

: CRREL
PrOJeCt - State DOTs
- City DOTs
M em b er ’ - Material Suppliers
- FHWA/Turner-Fairbanks
Administration Project Manager FHWA
CRREL Staff T Charles Korhonen '— SP&R management
Engineers Principal Investigator Technicians
Edel Cortez Charles Korhonen Sherri Orchino -
Larry Danyluk : Chrlstopher. Berini
Jeffrey Stark David Fisk
Paul Richmond David Carbee
. Visual Information
Technical Editors PrOj ect Team David L'Heureux
Mark Hardenberg Peter Keene
Gioia Cattabriga Robert Demars

Figure 6. Project Structure and Organization.

12
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6.0 Project Schedule and Implementation Plan

The project scheduleis presented in Table 1. The planning phase is scheduled to begin in the
fourth quarter of year 2000, while al other activities are expected to span a period of 3 years.

The Planning phase will include a literature review that will update our knowledge with recent
developments that relate to the proposed new technologies. The literature review will aso define
test procedures that have potential for adoption into the proposed new technology, or that may
be adapted for use with antifreeze concrete. 1t will aso define any need for new test methods.
Furthermore, in the planning phase, the steering committee will define project gods.

Thefirst set of [aboratory experiments will include tests on smal specimens that represent the
effect of various admixture formulations on relevant materia properties. Knowledge gained from
these experiments will enable the formulation of an antifreeze concrete mixture design that will

be gpplied to the first Field Experiment.

Thefird field gpplication will be designed to have alow risk and smdl volume. Thiswork will
evauate the performance of the antifreeze concrete formulations developed in the Laboratory 1
Phase. This gpplication will be conducted nearby or at the CRREL facilities where the weether
conditions can be easily monitored or perhaps controlled. Thisfirg fidd application will produce
feedback to the laboratory for further refinement of the antifreeze concrete formulations.

The second phase of [aboratory experiments will optimize the antifreeze concrete formulations.

The second field application will be larger than the first, but till under conditions thet tolerate
some imperfections and alow easy monitoring. The practical steps from mixing to curing will be
finetuned in this phase.

A full-scaefidd test will result in guidance and training materid. The R&D team will exchange
views with field personnd to identify ways to enhance every aspect of the technology.

The technology transfer phase will include the production of documentation needed for practica
goplication of the new technologies, such as amanuad of practice, proposed guide
specifications, proposed test procedures, and computer aides. These deliverables will be
submitted to the Steering Committee and other participating members of the project for
evauation in September 2003. In addition, magazine articles, conference papers and journa
aticleswill be published through suitable venues. A fina report documenting the findings of the
research investigation will be completed and ddlivered by December 2003.

13
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Table 1: Project Schedule.

Year 2000 2001 2002 2003
Jan- Apr- Jul- Oct-|Jan- Apr- Jul- Oct- |Jan- Apr- Jul- Oct-|Jan- Apr- Jul- Oct-
Quarter Mar Jun Sep Dec [ Mar Jun Sep Dec | Mar Jun Sep Dec | Mar Jun Sep Dec

Planning
Lab 1
Field 1

Lab 2

Field 2

Field
Demo
Tech
Transfer

Report X

7.0 Costs

Over the padt five years, CRREL and its clients have invested over haf amillion dollarsto
develop both viable antifreeze admixtures for concrete and the supporting construction
technology to permit winter construction using antifreeze concrete. These efforts focused on the
development of new chemica admixtures. The proposed work will adapt recently developed
knowledge about off-the-shelf admixtures to the specific conditions of highway construction.
The proposed work is needed to bring this technology to maturity and to secure practical field
implementation.

State DOTs will share the tota cost of the proposed project through SP&R funds. This
proposal is structured to alow the states to select the studies deemed necessary from arange of
testing options provided in the proposal. As abase modd, it is suggested that the study be
amed a deveoping strength vstime vs temperature criteria and concentrate on the performance
of acommon DOT mix design a moderately cold temperatures. Thus, the focus would develop
a useable product from the current stockpile of admixtures with procedures that would alow
easy use at temperatures down to 23°F without setting problems. The base modd basicaly
provides a cold-weather package with al the bugs worked out. It is estimated that each State
would contribute from $20K to $50K per year, depending on the number of states that
participate and the testing options chosen. In addition, municipdlities, utility providers, materia
suppliers, and equipment manufacturers will be invited to participate with inkind or direct funds
contributions.

Demondtration Sites (up to three) will be selected in various cold-regions locations in North
America Sponsors of such demondiration sites will be expected to cover the cost of the normal
congtruction, while CRREL will provide al necessary resources to instrument and collect data
from those test Sites.

14
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APPENDIX A

Description of Proposed and Optional Components of the Project

1. Antifreeze Formulations

Antifreeze admixtures in concrete mixes must promote timely and effective hydration, must be
compatible with sted reinforcing, and must achieve the specified strength within the accepted
temperature envelope. The admixtures should be widely commercidly avalable, be cos-
competitive with conventiona winter concreting techniques, and otherwise conform to ACI
gtandards. To test for these properties, alaboratory program will employ experience and
datistical methods to identify appropriate mixes for curing concrete a various subfreezing
temperatures. Properties tested may include:

Set times—(C403-95 Time of Setting of Concrete Mixtures by Penetration Resistance).
The dgpsed time from the addition of mixing water to a cementitious mixture until the
mixture reaches a specified degree of rigidity as measured by a specific procedure. These
dudies are necessary to estimate available working times expected in the field. Studies will
include the influence of temperature, which will help to define optimum mix temperatures.
Ordinary practice cals for mix temperaturesin the 70°F range, whereasi it is expected that
the antifreeze mix(s) developed in this project will not need to be that warm. Energy can be
conserved as aresult.

Wor kability—(C143-90a Sump of Hydraulic Cement Concrete). That property
determining the effort required to manipulate freshly mixed quantity of concrete with
minimum loss of homogeneity. At times mortar will be studied and flows as defined by
ASTM C 109 will be utilized to characterize workability. Currently, thereis no way to
correlate mortar flow to concrete dump. This study will develop that correlation to aid in
future studies by the DOTs that will be necessary to evauate new chemica admixtures as
they come to market. Mortar samples offer a quick way to screen candidate chemicas
without having to work with larger volumes and sample sizes necessary for concrete.

Freeze protection limits—There are two limits that past research at CRREL has identified:
1) Lowest temperature that alows appreciable strength gain, and 2) lowest temperature at
which hydration is inggnificant, but a which the concrete will recover full strength when
thawed. Freezing point measurements, strength gain at low temperatures, and dilation of
curing mortar bars are possible ways to determine these limits.

Field finishability—Depending on the fina use of the concrete, some or dl of the following
operations may be observed and recorded in fidd trids: Screeding, Bullfloating or Darbying,
Edging and Jointing, Foating, Trowling, and Brooming. It is anticipated that professiond
contractors will do these operations and that their feedback to the research team will serve
to characterize how easly the concrete finishes.

Strength devel opment as a function of temperature and time—(C918 and C 1074)
The maturity method is a common way to estimate in-gtu strength gain. Typicaly, samples
tested in the lab provide data to estimate strength development in the field. Because strength
gain isvery complex, maturity relationships are usudly consdered valid for anarrow range

15
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of summer-like temperatures. Experience has shown that maturities developed at below
freezing temperature, on antifreeze concrete, can provide reasonable accurate models of
what to expect from concrete cast during the winter. What' s not clear is how room-
temperature maturities correlate to low-temperature maturities. Indications are that there are
correlations and, if this can be substantiated, thiswould greetly facilitate the easy use of
maturity for future characterization of low-temperature concretes.

Matched curing—Typicaly, samples are obtained from the concrete being used to build a
sructure and these samples are cured near the structure. Unfortunately, field-cured samples
amogt never match the temperature history of the concrete and, thus, their strengths do not
represent those of the structure. This section will investigate current products or develop a
smple temperature controlled box to assure that field-cured samples are always cured at
the same temperature of the concrete they represent.

Flexural strength—(C 78 Flexura Strength of Concrete). Simple beam with third-point
loading. Tendle drength is an important parameter in pavement design. Though useful
correlations between compressive and tengle strength exist, it may be desirable to run afew
independent checks on tendle strength of antifreeze concrete compared to normal concrete.

Initial freeze point—The temperature at which water in fresh concrete freezes. This
temperature is determined by the type and concentration of solutes in the mix water. Thisis
an important parameter to know when concrete arrives at a congtruction ste. Admixtures
are dosed knowing the moisture content of aggregate. However, the actud wic ratio in
ready-mix concrete can vary by severd percent, owing to changesin aggregate moisture,
measurement inaccuracies, and the tendency of contractorsto add water at the site. Thus,
the fina freezing point of the concrete could be consderably different from desired. A
portable device to determine freezing points of concrete in the fied within afew minutes will
be devised in this section. This device should become a vauable inspector’ stoal in the fidd.

Freeze-thaw resistance—(C666-92 Res stance of Concrete to Rapid Freezing and
Thawing). Cydling of freezelthaw using Procedure B. Since only standard chemicalsin
recommended doses will be used, it should be necessary to only verify that the durability
has not be comprised by the admixtures. All of the admixtures have been tested to satisfy
the current freeze-thaw resistance.

Dynamic modulus of elasticity—(C 215 Fundamenta Traverse, Longitudinal, and
Torsona Frequencies of Concrete Specimens). Monitors the condition of concrete
specimens during freeze-thaw testing.

St scaling resistance—(C672-92 Scaling Resistance of Concrete Surfaces Exposed to
Decing Chemicds). The determination of the resstance to scaling of a horizonta concrete
surface exposad to freezing—thawing cyclesin the presence of deicing chemicas.

Relationship between freezing point and maturity—Unlike norma concrete, the freezing
point of antifreeze concrete depresses as the concrete matures. It isimportant to know this
relationship to determine when field concrete becomes immune to frost damage. One of the
most frequently encountered problemsin the field is of concrete freezing before curing is
completed. The only way to determine if damage has occurred isto take core samples and
andyze them for strength and the presence of past ice crystds. This section will develop a
rel ationship between freezing point and maturity.
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Concrete dilation during freezing—(C671-94 Critica Dilation of Concrete specimens
Subjected to Freezing). Frost susceptibility of concrete, measured by subjecting specimens
to dow freezing and thawing cycles and monitoring any consequentid dilation. Bascdly,
concrete that expands on freezing beyond a critica vaue isfrost susceptible. This section
will study concretein its plastic fage—not hardened stage—to characterize when antifreeze
concrete becomesimmune to frogt.

Corrosion—(C876-91 Haf-Cdll Potentials of Uncoated reinforcing Stedl in Concrete).
The egtimation of the dectrica haf-cdl potentia of uncoated reinforcing sted in fiedld and
laboratory concrete, for determining the corrosive activity of the reinforcing stedl.

Alkali-silica reaction—Cornell-FHWA test method. (C289-94 Potentid Alkdi-Silica
reectivity of Aggregates-Chemica Method). Chemical determination of the potential
resctivity of an aggregate with alkaisin portland cement concrete asindicated by the
amount of reaction during a 24-hour period at 80°C between 1 N sodium hydroxide
solution and aggregate that has been crushed and sieved to pass a 300-nm sieve and be
retained on a 150-nm Seve.

Pore-size distribution, air-void analysis, and total porosity—(C457-90 Microscopical
Determination of Parameters of the Air-Void System in Hardened Concrete). Determine the
effect of the admixtures on void structure, from gel pores through entrained ar bubbles.
Low-temperature performanceis strongly influenced by any changes in microstructure.

Shrinkage—Shrinkage can lead to cracking or warping of concrete. Though only standard
admixtures, which should have been tested againgt shrinkage before be marketed, afew
verification testswill be conducted to make sure shrinkage is not a problem.

Heat of hydration vs. temperature—Though absolutdly criticd for determining the
condition of concrete with time, the rate of heet liberated from cement is not well
documented. Vadues for totd heat of hydration can be found but these are of little value for
predicting incrementd strengths or temperature profiles. This section will measure the heet
release rate of portland cement as a function of time and temperature. The effect admixtures
have on the release of heat will dso be studied. These data are critical to al concreting,
whether it is donein summer or winter.

Model Validation—Vdidation of a mathematicad mode to predict temperature and
strength of the concrete. Work will be conducted to develop a computer mode that
accounts for heat of hydration, mix design/temperature, and various boundary conditionsto
predict the temperature a any location in the concrete with time. This mode will be ussful to
predict if the concrete will freeze, if thermd protection is needed, and how rapidly the
concrete will gain strength. It will be especidly useful for determining if a given mix can be
placed based on westher predictions for the next three to five days. It can also be used to
determine if concrete has frozen based on past conditions. Thisis a particularly ussful
decision tool for deciding what to do with concrete that has been exposed to lower than
expected temperatures.

Tests for Fresh Concrete

Thelaboratory program will verify the early-age curing properties of each formulation and the
long-term durability and performance of each. The problem isto predict at the work ste
whether amix received from the plant will meet the required performance specifications. At the
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discretion of the steering committee, tests for achieving this may be explored and developed,
when possible. Acceptance testing concepts to be explored will include a probe to measure
freezing resstance of as-delivered concrete.

3. Long-Term Durability Tests

Durability of antifreeze-protected concrete may be tested using conventional methods. This must
be confirmed. If existing methods are found to be insufficient or could be improved, new
methods will be proposed. The following tests will be explored for adequate prediction of long-
term durability:

Freeze-thaw resistance.
Initial freezing point of pore water in hardened concrete.

Optional:
Corrosion.
Alkali-silicareaction.
Porosity.
Shrinkage.

4. Concrete Emplacement Equipment and Infrastructure

A criticd part of this proposed study isto achieve reliable use of antifreeze-protected concrete
in congtruction of trangportation facilities and other structures. Thiswill require assuring that the
formulations and tests work under actua congtruction conditions in subfreezing temperatures. In
addition there may be additiona issues pertaining to worker productivity, equipment
effectiveness, or interactions with the rest of the work that impede the effectiveness of using
antifreeze-protected concrete or make it significantly more expensive than the temperate
dternative. The following issues will be explored:

Batch mixing of formulationsin full-scale plants.

Trangportability of mixes.

Emplacesbility of mixes.

Labor and equipment cost pendlties, if any.

Compatibility of winter concrete emplacement with the construction process.
Cleanup of equipment.

5. Development of mix designs
The testing program will provide the basis for recommended mix designs for avariety of

gpplications, including concrete to be placed on a frozen substrate and determining the thickness
of sacrificid concrete, if any.

18



13 June, 2000

APPENDIX B

Qualifications of Research Team

The research team assembled for this project is a unique combination of experienced engineers
with academic and practica experiencein the laboratory and in the field. The team includes
individuas with thorough knowledge of and experience in the areas of andytica modeling,
materias characterization, pavement instrumentation, agphat-concrete mix design and testing,
pavement congtruction, accelerated load testing, experimentd design, hardware and software
design non-destructive testing (NDT), datistics and insghts into the concerns and perspectives
associated with utility cut reinstatement. Following are summaries of quaifications for key
members of the research team.
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Charles Korhonen
Research Civil Engineer
Phone: 603-646-4438 E-mail: korhonen@crrd.usace.army.mil

Mr. Korhonen joined CRREL in 1975. Heis engaged in research
on the maintenance and rehakiilitation of structuresin the cold
regions. He has eva uated radar facilities Stuated on the Greenland
ice cap, developed methodology for non-destructive evauation of
roofing systems, conducted field and |aboratory studies of externa
coatings for buildings, and promoted improved methods for “i

extending condruction practicesinto the winter. His research has led \g l |

to the adoption of infrared roof warranty surveys by the Corps of “ i e
Engineersto identify leaks before they become the problem of the building owner, the
commercidization of a miniature vent to economicaly repair blistered roofs, and the patenting of
an antifreeze admixture that alows concrete to be cured at below freezing temperatures.

oy

Areas of Specialization:
Cold wesather concrete.
Masonry congtruction.

Current Projects.
Expedient cold-westher concrete admixtures for the Army.
Off-season repairs for the trangportation industry.

Notable Contributions or Highlightsfrom Past Projects:.
Infrared roof warranty surveys.
Commercid roof blister vent.
Antifreeze admixture patent.

Education:
B.S. degreein Civil Engineering in 1973 , Michigan Technologica Universty.
M.S. degreein Arctic Engineering in 1981, University of Alaska

Other Professional Information:
Memberships/Professond Organizations.
Member ASCE.
Member ACI.
Internationa Experience:
Cooperative research with the Technica Research Center, Finland.
Additiond:
Professona Engineer, NH.
Serves on various technical committees.
Has published over 60 papers.
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Edel Cortez
Research Civil Engineer
Phone: 603-646-4301 E-mail: ecortez@crrd .usace.army.mil

Areas of Specialization:
Software development for engineering applications. Mr. Cortez isa
research civil engineer in the Civil Engineering Research Divison.
Hisinterestsinclude:

Computer programming.

Modding.

Smulations.

Concrete.

Masonry.

Antifreeze admixtures for concrete.

Composites.

Pavements.

Petrography.

Microscopy applications to materids research.

Current Projects.
- Precip is a database computer application that serves precipitation data for 2658
locations around the world.
PDSF is a software component that cal culates the thickness of pavement layers for
seasond frost conditions.
ThawForecast is acomputer program that retrieves data from an Internet weather
service, and uses as input to predict events of critica thawing for an airport pavement.

Notable Contributions or Highlightsfrom Past Projects:.
Co-patented an antifreeze admixture for concrete cast in sub-zero temperature
environments.

Education:
B.S. in avil engineering from the Universty of Guatemda
M.S. in civil engineering from the Universty of Guatemaa.
Attended several graduate courses at Purdue University.
Graduated from AT training course a the US Army Engineer Schooal.
Attended numerous coursesin the areas of:
Microscopy.
Pavements.
Computer programming.

Other Professional Information:
Additiond: Professona Engineering Regidration in the State of NH.
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Lawrence Danyluk
Research Civil Engineer
Phone: 603-646-4475 E-mail: Idanyluk@crrel.usace.army.mil

Mr. Danyluk has been aresearch engineer in the Civil Engineering
Research Divison since 1980. He has been involved in many large
scae field projects such as the North Warning System and the Trans-
Alaska Oil Pipdine. Currently, he provides cold regions design
guidance for the Balidic Missle Defense System being built in , 5 v
Alaska, North Dakota, and Greenland. His current interests include 3 " A
studying the use of ground insulation around foundations, frost heave

loads on walls, and the use of controlled low strength materids (CLSM) as a backfill in frost
aress. He has dso worked in the area of snow removal and ice control on roads, including their
effect on traffic mobility.

Areas of Specialization:
- Geotechnicd engineering,
- Snow remova and ice control.

Current Projects.
- Snow remova productivity rates.
- Evduation of road roughness.
- Shdlow insulated foundations.
- Bdligic Missle Defense,

Education:

BSin Civil Enginearing from Michigan State Universty.

MS in Geotechnicad Engineering from Michigan State University.
Professional I nformation:

Member ASCE.

Registered Professond Engineer in NH and VT.
ASCE Standards Committee on Frost Protected Shallow Foundations.

22



13 June, 2000

Jeffrey Stark
Research Civil Engineer
Phone: 603-646-4376 E-mail: jsark@crrd .usace.army.mil

Mr. Stark started working at CRREL in 1985 as an Intern for two
years. After that time, he became the Chief of the Soils Laboratory.
Jeff was the Chief for severd years before the Lab was dissolved.
He then worked on methods to stabilize thawing soils during spring, i
the primary emphasis being on using chemicd stabilizers Mr. Stark is @
currently working in remediating TCE contaminated soil and
manufacturing methane hydrate.

Areas of Specialization:
Design and fabrication of test equipment.
Programming in LabVIEW.

Current Projects.
Congructing asmall chemical batch plant to provide 1.5% potassum permanganate
solution to remediate contaminated soil.
Desgning a system for producing methane hydrate for lab testing.

Education:
Bachelors Degree in Geological Enginesring.
Magters Degree in Civil Engineering from Michigan Technologica University.
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Sherri Orchino

Civil Enginesring Technician
Phone: 603-646-4611 E-mail: sorchino@crre.usace.army.mil

Ms. Orchino has been a civil engineering technician in the Civil
Engineering Research Divison & CRREL since 1991. Her
primary area of work isin the Civil Engineering Materids Lab.
She has experience in surveying, drilling, and fiedd sampling and
exploration techniques.

Areas of Specialization:
- Laboratory testing of soils and concrete.
Fedd dassficaion of soils.
Exploration and field sampling techniques.
Surveying.
Current Projects.
Use of admixtures in cold westher concrete.

Notable Contributions or Highlights from Past Projects.
Raymark Superfund Site.

Education:
AAS Forest Technology, 1979, State University of New Y ork, College of
Environmenta Science and Foredtry.

M ember ships/Professional Organizations:
Society of American Foresters, Technician Member.
Geotechnicad Engineering Technology certified: Nationd Indtitute for Certification in
Enginearing Technologies.

Other Professonal | nformation:
HAZWOPER Cettification.
Troxler Nuclear Gauge certification.
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APPENDIX C

Facilities and Equipment Description

Cold Regions Research and Engineering Laboratory

CRREL isatesting and research establishment of the U.S. Army Corps of Engineers whose
mission isto investigate engineering and scientific issues that pertain to regions affected by
freezing and thawing. The CRREL facilities that will be used during the course of the current
project are located in Hanover, New Hampshire, and include:

Cold laboratories, which contain a 26-unit cold-room complex, where temperatures can be
lowered to —35°F.

Soils laboratory, which conssts of amain soil andysislaboratory, thermal conductivity
measurement area, sample preparation room, humidity storage room, controlled humidity room,
and bituminous concrete testing room.

Concrete laboratory, which contains equipment to mix concrete in laboratory batches and to test
awide range of properties and performance behaviors, including strength and durability, as
affected by freeze-thaw.

Construction materials laboratory, which includes a light micrascope integrated with digitd image
processing and image analys's systems, a scanning electron microscope, a mercury intrusion
porosimeter, and petrographic specimen preparation equipment.

Resilient modulus testing system, which andyzes the resilient characteristics of concrete under
smulated loading.

In-house and field test sites, which includes full-scale test sections that are constructed on-Site at
CRREL aswdl asin remote locations.

NDT equipment:
- Ground Penetrating Radar System.
- Falling Weight Deflectometer (Dynatest Modd 8000).
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APPENDIX D

Consortium Project Governance

Consortium Structure

The consortium will be structured according to the diagram below. Following are the
compoasition, roles, and respongbilities of each organizationa body.

Consortium

Project «—
Members

!

Steering

h 4

Committee

!

Winter Concrete

—— > Project Office
’ !
Technical CRREL/ERDC

Committee(s) |

Project Team

Figure D1. Project roles and their relationships.

Consortium Members

This group conssts of dl members of the consortium. They gppoint members to serve on the
Steering Committee. They may be caled upon to serve on a Technical Committee.

Project Office

The Project Officeis at CRREL and will be headed by the Project Manager. The Project

Officeisrespongble for:

Organizing Steering Committee Mestings.

Generating project correspondence to the consortium members.

Creating deliverablesin final form, and ddivering them to consortium members.
Managing financid and adminidrative project activities.
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Seering Committee

The Steering Committee consigts of partners, members, associate members, and CRREL, and
is chaired by the Project Manager. The Project Manager will dso act asthe principa technica
resource for the Steering Committee. The Steering Committee determines the priorities for
various aspects of the work under the project. Idedly, decisions will be reached by consensus,
but failing consensus, a vote will be taken. The number of votes accorded to each organisation
represented on the Steering Committee will be proportiond to the level of financia contribution
to the project—this provison extends to CRREL, and the Steering Committee Chair will cast
CRREL’svotes. A smple mgority will make decisons, and in the event of atie, the Steering
Committee Chair will have the determining vote. However, no project actions can beinitiated
by the Steering Committee that are in violaion of the basc principles underlying the work, as
specified in this proposd—the Steering Committee Chair will ensure this. Further, the Steering
Committee must operate within the scope of the project budget.

The Steering Committee is responsible for:
Proposing Technica Committee members for specific project tasks.
Deciding dispersion of ddiverables (CRREL will retain dl intellectud property rights as per
gandard agreements, principaly to ensure that research activities beyond the term of the
project are not compromised).
Specifying which reingtatement techniques will be evaluated.
Sdecting the stes for the field Sudies.
Approving consortium members requests to publish results.
Deciding on issues concerning commercid exploitation of software tools resulting from the
project.

The Project Team

CRREL will perform dl research work under the project through the Engineer Research and
Development Center (ERDC). However, CRREL retains the right to subcontract aspects of the
research work as deemed necessary. The Project Team will consist of a pool of scientists and
technicians drawn from CRREL ' s gaff. Specific project tasks will use one or more members of

this poal.

The Project Team is responsible for:
Performing the research work according to recognized scientific sandards.
Drafting technical reports on the research work.
Developing Project ddliverables, and dispersing these deliverables to the Project Office to
put in fina form.
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Technical Committee(s)

Technica Committees will be temporary bodies formed on an as-needed basis. They will give
scientific and technica advice to the Project Team on specific issues. Members of the Technica
Committees may be drawn from any consortium member, or may be experts from outside the
consortium, if gppropriate. The Steering Committee will propose potentid Technicad Committee
members, with the appropriate Research Team making the final sdection.

A Technical Committeeis responsible for:

Providing the Project Team with advice and information to ensure that research work is
relevant, and performed according to recognised scientific standards.

Consortium Meetings

Face-to-face meetings of the Steering Committee will be scheduled every sx months, a atime
most convenient to the Steering Committee members. Steering Committee meetings will take
place a CRREL’sfacilities in Hanover, New Hampshire. The Project Office will make all
arrangements for the meetings, including pre- and post-meeting mailings.

If face-to-face meetings of the Technical Committeg(s) are deemed necessary, they will take
place on the day prior to the Steering Committee meeting, so the Steering Committee can be
immediately informed of the deliberations. However, it may be feasible for the Technica
Committeg(s) to conduct al communications remotely (mail, phone, fax, email), as co-
ordinated by the Project Office.

The travel and living codts associated with attending committee meetings are the responsibility of
each atending participant.

Publication Rights
During the lifetime of the project, the following rules regarding publication of results will apply:

CRREL retains the right to publish the results of the research in refereed journas or
refereed conference proceedings. (Due to the length of the publication process, this
implies a practicd ddlay of at least 12 months between when consortium members
receive the results and when they enter the public domain.) Earlier publication in other
forms by CRREL or by any Consortium Member requires gpprova by the Steering
Committee.

Only materia contained within project reports delivered to consortium members may be
published. All other materia distributed to consortium members at meetings or
elsawhereisto be trested as confidentia. Publication of other materia requires approva
by the Steering Committee.

All consortium members will be acknowledged in publications.

CRREL retains the copyright to al publications, reports, and software resulting from the
project. Reports that are specifically delivered according to the statement of work and
ddiverables may be disclosed, reproduced, published, and used by Consortium
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members unless otherwise stated, provided that the authors and the Nationa Research
Council of Canada are clearly identified as the source. With regards to software
ddiverables, dl project participants will have the non-exclusve rights to use the
software within their own organisation. Any other use must be approved, in writing, by
CRREL.

Field Study Responsibilities

The Steering Committee will sdlect suitable fidd sudy Stes. These Stes may be Consortium
members own cities, or some other site proposed by a consortium member. In either case, the
consortium member who proposed the Ste will be respongble for obtaining al necessary
permissions to perform the particular fidd investigation and co-ordinating with al gppropriate
authorities a the Site. The cost of congruction of any of these demondtration siteswill be paid
for by the volunteering city in which the Steis sdected. CRREL will be respongible only for the
cogt of instrumenting and monitoring these Sites.
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APPENDIX E

Technical Background

1. Antifreeze-Admixture Concrete

Currently, there are no portland cement concretes that can be placed in below-freezing weather
without thermal protection. Because of the demand for fast paced congtruction, concreting is
most often conducted the year round when it is possible to insulate or build heated enclosures
around the freshly placed concrete. Though cold weather can more than double concreting
codts, doing nothing and waiting until warmer weether returnsis usualy not acceptable in terms
of project delays, construction workers lost to other projects, and idled capital equipment. Asa
rule, most vertica congtruction continues year round with the winter surcharge figured as cost of
business.

Pavement congtruction and repair do not lend themsalves to heated enclosures or insulated
coverings, so thistype of work is the exception to the rule and it is delayed until warmer
weether returns. Studies conducted at CRREL demonstrate that portland cement concrete can
be formulated to fully cure when itsinternd temperature is below freezing. The technology to
work with unprotected concrete is not well known and its use has been limited to individua
studies done for others by CRREL. A concerted effort is needed to systematicdly evauate
commercid admixturesfor their potentia to be combined into an antifreeze admixture.

2. On-Site Testing of Concrete

For winter concrete, ingpectors currently have no way to confirm that the concrete ddlivered to
the congtruction sSite is capable of ressting freezing to the temperature caled for in the project
specifications. Further, they have no tools to predict its strength gain. Work is needed to
develop an ingpector’ stool that will allow the freezing point of the concrete to be determined at
the site within the time it now takes an ingpector to measure dump. Strength gain of concreteis
dependent on temperature, cement type and content, and on admixture type and content. Work
is needed to characterize the various cements and the various admixtures when added to the
cements for their rate of release of heat as afunction of time and temperature. It is envisoned
that an inspector would be armed with a temperature recorder and charts or a laptop computer.

3. Long-Term Durability Testing of Concrete

Preliminary studies indicate that certain admixtures, besdes protecting concrete against freezing
while curing, o protect concrete againg freezing and thawing damage when hardened. It
gppears that most admixtures remain as a solute in the pore water of hardened concrete. If so,
this occurrence would depress the freezing point of the pore water below the point to which it
depressed the mix water, as the pore water would be of much higher concentration. Therefore,
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the concrete would not experience freezing pressures until some very low temperature. Asa
result, the durability of antifreeze concrete should be markedly improved over that of normal
concrete.

SAt scding isaproblem for highway structures made of concrete. There is evidence to suggest
that some admixtures may make concrete more resstant to scaing from sdt. The explanation
appears to be that, with certain solute concentrations in pore water, smaler osmotic forces are
developed at the concrete surface when deicing sdts are gpplied to the road. Studies are
needed to establish the optimum admixture concentration to mitigate salt scaling and to not
diminish freeze-thaw resstance in ordinary water.

The potentia of improved concrete durability because of high doses of admixturesis not within
the scope of this project but it should be serioudy considered for future funding. Though large
improvements are possible with high dose admixtures, even smal improvementsin the service
life of highway concrete have mgor potentia for reducing repair costs.
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